pH-Switchable Stratification of Colloidal Coatings: Surfaces "On Demand"
Introduction. Stratified coatings, consisting of two or more layers on top of each other, are used in a wide range of applications, including energy storage, 1 optics, 2 biomedicine, 3 and photovoltaics. 4 The development of fast, inexpensive, and up-scalable fabrication methods for stratified systems is a key challenge in materials science. 5, 6 Here, we introduce a method to obtain self-assembled stratified coatings, along with a simple means to form homogeneous coatings, when desired, using the same starting materials.
The casting of polymer blends from a common solvent provides one of the simplest fabrication methods. Stratified coatings can evolve from the growth of wetting layers at the surface, driven by differences in surface free energies between the two phases. 7 A three-layer lamellar structure has been reported in solvent-cast polymer binary blends. 8 During spin-casting from solvent, stratified layers develop as a transient stage sometimes followed by lateral phase separation. 9, 10 A limitation when forming stratified coatings by solvent casting is that the final composition depth profile can only be adjusted by changing the polymer's surface energy, molecular weights, or chain architecture.
Colloidal self-assembly methods, using particles suspended in a solvent as the building blocks, rather than single molecules, have been proposed as single-step alternatives for producing stratified coatings, via the control of colloidal particle diffusion, 11 , 12 sedimentation, 13 particle interaction potentials, 14 or surface free energy. 15 We recently discovered a mechanism of self-stratification in blends of colloids of two different sizes, where the small particles segregate into a layer on top of the larger particles. 16 When drying a blend of colloidal particles in a liquid, the top interface of the liquid falls as a result of evaporation, and an osmotic pressure gradient develops across the thickness of the layer. This pressure gradient pushes larger particles away from the air-liquid interface faster than it pushes smaller particles, creating stratification. Although examples of stratification by particle size can be found in the literature, 17 no suitable physical model existed at that time to explain the effect.
To fulfill the aspirations of materials scientists for designer materials, there is a demand that the stratification of a coating is responsive, such that it can be switched on and off as needed, or varied between set limits. There is currently a gap in existing technologies to offer a combination of stratification and switchability to yield surface properties "on demand". For instance, in applications as a protective coating, the surface might need a higher hardness 17 to impart scratch-resistance. In antireflection coatings, a lower refractive index at the surface will reduce the optical reflectivity. 18 Gradients in composition suppress reflection losses significantly, in a broad bandwidth and under diffuse illumination. 19 A means to adjust stratification without altering the starting composition or the deposition method would offer a huge efficiency gain over conventional fabrication technology. 6, [20] [21] [22] Our vision in the design of a switchable, stratified coating is to draw upon insights from our earlier work 23 to bring together two different materials technologies: colloidal stratification and pH-responsive particles. Here, we show how the stratification of binary particle blends can be switched off (or on) simply by raising (or lowering) the pH of the initial dispersion. Using stimuli-responsive polymer colloids that increase in size when the pH is raised, the driving force for segregation during drying is reduced enough to suppress stratification. Thus, without changing the composition of the materials, the properties of the surface layer and bulk film are manipulated on demand. We envision that our design will allow end-users to define the properties of the final coating via a pH adjustment before deposition. To this end, we present a proof of concept of a new class of coating that offers a function beyond the ordinary.
In our previous work, we observed that stratification in binary colloidal blends becomes less efficient either when the initial solids content is increased or when the size ratio of the particles is reduced. 16, 24 To exploit this behavior, we employ switchable or responsive polymers, which are ideal platforms because of their ability to respond to a variety of external stimuli, e.g. temperature, light or pH, with conformational and/or chemical changes. 25 This versatility makes them a key part of advances in drug delivery, 26 sensors, 27 and nano-and microactuation. 28 Via emulsion polymerization, 29, 30 polymer particles can be synthesized with a dense polymer core on which hydrophilic polymer chains, referred to as hairy layers, are anchored to create a shell. 31 Raising the pH can be used to increase the hydrophilicity of the hairy layer, and hence to increase the effective size of the particles. 32 In this work, we use the recently-developed method of polymerization-induced self-assembly (PISA) to synthesise particles with pH-responsive hairy layers as a means to adjust the particle size. [33] [34] [35] PISA combines emulsion polymerization and reversible deactivation radical polymerization (RDRP) concepts to produce surfactant-free latexes. The process requires the synthesis by RDRP of hydrophilic polymer chains followed by their chain extension with a hydrophobic monomer in water leading to the formation of amphiphilic block copolymers. The hydrophilic segment covalently anchored at the particle surface will ensure the stabilization.
Results. PISA was employed to synthesize copolymer particles composed of styrene and acrylate derivatives and stabilized by poly(methacrylic acid) (PMAA). These particles are pH-responsive, as the PMAA chains on their surfaces will be protonated at low pH. Protonation reduces the charge and thus causes chain collapse at a pH below the pKa. When the pH is raised, these chains are deprotonated and extend as their affinity with water increases, as shown in Figure 1 . The particle hydrodynamic diameter, as measured by dynamic light scattering (DLS), increases with increasing pH, as is shown in Figure 2a . At pH 9.5, the effective diameter of the small particles is almost double that at pH 4. Another clear sign of the increase in particle size can be seen from the pH dependence of the viscosity of a dispersion of these particles (at a fixed concentration of 20 wt% solids). As shown in Figure  2b , there is a remarkable increase in viscosity above pH 5. The viscosity dependence on the particle volume fraction (adjusted through the pH) is presented in Figure 2c .
Here, an effective volume fraction of particles, φ eff , was calculated using the number density of the particles and the diameters obtained from DLS for a particular pH. (At 20 wt%, the number density is 2.4 ×10 21 /m 3 for the small particles and 6.0 ×10 18 /m 3 for the large particles.) A general trend for the viscosity to increase with increasing φ eff is observed, with the exception of the viscosity at the highest φ eff , where a decrease is observed.
For comparison, the prediction of the KriegerDougherty model 36 for the viscosity of hard colloidal spheres is shown in Figure 2c . There is poor agreement. However, because the diffuse shell of the particles is made of swollen PMAA chains, the particles cannot be treated as hard spheres at high densities. Instead, the hairy layer shells can interact with and interpenetrate neighboring shells, which causes the dispersion viscosity to be large but finite. The observed trend differs from that seen with hard particles jamming, which causes the viscosity to diverge towards infinity. Thus, the rapidly increasing but non-diverging viscosity seen in Figure 2c is as is expected for swollen, soft spherical particles. As the viscosity increases, the particle mobility, which is essential for stratification, decreases.
The pH-responsive particles, with a size at low pH of approximately 50 nm, were labeled with fluorescein for confocal microscopy experiments. In stratification experiments, they were blended with larger particles (385 nm), synthesized via a conventional emulsion polymerization process using surfactant as a stabilizer and labeled with a red fluorescent dye (Rhodamine B). These large red particles show no significant changes in size ( Figure S1 ) or viscosity (Figures 2b and S3 ) with increasing pH. In the blends, the number ratio of large:small particles was fixed at N L :N S = 1:800 (equivalent to 70 wt% small particles), and the initial solids contents of the dispersions were fixed at ca. 10 wt%. It is important to clarify that both large and small particles are charge-stabilized over the entire pH range studied here. With a negative surface charge, which increases with increasing pH (Figure S2) , they are subject to charge repulsion that imparts colloidal stability.
The two constituent copolymers in the large and small particles have a glass transition temperature below room temperature. When the blended dispersions were cast onto a substrate at room temperature, they formed cohesive films, which are suitable for applications in barrier and protective coatings.
The structures of dried films were non-invasively probed using confocal laser scanning microscopy with two excitation wavelengths. These measurements allow the reconstruction of a 3D image of the distributions of the two kinds of particles. As is shown in Figure 3a -b (left column), for an initial dispersion pH of 3 and 4, a layer of green (small) particles is clearly seen at the top of the coating, whereas below the surface layer, red (large) particles predominate. The integrated intensity profiles (right column), which are proportional to the particle concentration, show peaks in the green channel intensity near the top surface, and thus provides unequivocal evidence for stratification. (The method of data reduction is explained in the Supporting Information.) The thickness of the upper layer is about 2 µm, which is equivalent to ca. 40 diameters of the small particles.
When the pH of the initial dispersion is raised to 7 and beyond (Figures 3c-d) , there is no evidence for stratification within the dried films. In fact, the intensities of both the red and green channels are seen to follow each other almost exactly, as is shown in the integrated intensity 1D profiles (right column). There is a broadening of the step in the intensity at the film surface because of the combined effects of imperfect sample levelling and fluctuations in thickness. To verify this transition in stratification, the top surface of the final films was characterized by means of atomic force microscopy (AFM) as can be seen in Figures 4a-d . At low pH, the top surface of the film is covered with small particles and just a few large ones can be visualized (Figures 4a-b) . This is consistent with a picture of a stratified coating where small particles accumulate at the top, with the large ones below. However, for pH 7 and above, numerous large particles can be seen at the top surface (Figures 4c-d) . The AFM images indicate a transition from a stratified to a non-stratified coating at pH around 7. (Although the small particles swell in alkaline water, they will collapse upon drying and film formation.)
To shed light on the effect of reduced particle mobility on stratification, we carried out Langevin dynamics simulations 37 of drying films with a binary mixture of large and small spherical particles. The mixtures all had number ratios of large to small particles of N L :N S = 1:800 to match the experiments. Screened charged particles were assumed. The model is described in the Supporting Information and in detail elsewhere. 16 Briefly, we started with a size ratio between the large and small particles of D L :D S = 7:1, which corresponds to the effective size ratio in experiments at low pH. We then increased D S , keeping the D L and the number densities of the particles the same, to model the swelling of the small particles with increasing pH.
The initial volume fraction occupied by the particles in the simulation increased from 0.1 to 0.55, with increasing D S . When the small particles are 54 nm in diameter (Figure 5a) , they accumulate in a top layer, and the system is stratified. But when D S increases, the stratification disappears (Figure 5b) . Indeed, Figure 6a shows that the width of the layer of small particles falls towards zero when their diameter is above approximately 80 nm, which is very close to the diameter where stratification is lost in the experiments (Figures 2a and 3c) . We note that halving the initial number densities of the particles did not cause the stratification effect to return, just as it did not in the experiments ( Figure S7 ).
In earlier work, 16 we found that stratification occurred because the larger particles moved down faster than the small particles during drying. We estimated that the excess velocity of the large particles over that of the small particles scales approximately as the product of the square of the size ratio and the pressure gradient; it scales inversely with the suspension viscosity. (See Equation S3.) As the pH increases in our experiments, the size of small particle increases. Our simulations show that as D S increases with the number of particles constant, the segregation mechanism is hindered by four effects. Three of these effects reduce the relative downward velocities of the large and small particles. It is this relative motion that drives the segregation. Firstly, the size ratio decreases from 7:1 to approximately half that value, and the relative motion tends to zero as the size ratio tends toward unity.
Secondly, the initial φ eff increases, which leads to an increased suspension viscosity. Thirdly, the pressure gradients decrease, as shown in Figure S8 , reducing the velocity difference between the particles. Fourthly, the time available before jamming of the particles decreases. Hence, with a larger D S , the particles jam before they have finished stratifying. This effect is represented in the map in Fig. 6b , which identifies the region (shaded green) where particles are not jammed and can stratify. A drying film follows vertical time trajectories in this figure. 
Conclusions.
To summarize, we have demonstrated a bimodal colloidal system that allows self-stratification during drying to be switched off using pH as the trigger. Coatings are stratified when cast from dispersion with a pH below 7, but the effect is lost at higher pHs. Our stimuli-responsive polymer colloids increase in size when the pH is raised. We carried out simulations that showed that when the particle size increases above 80 nm, the stratification is suppressed, which agrees remarkably well with the experiments. These simulations allowed us to determine the mechanism that controls stratification and to explain the observed switchability.
Achieving such control over the stratification process allows not only the independent programming of the properties of the top surface, but also the possibility of switching the surface properties without changing the starting materials. Our design potentially provides a means to change -whenever desired -the hardness and optical reflectivity of a coating during deposition.
The newconcept that we have developed has significant potential for a wide range of additional applications, especially smart paints and inks. The stratification control could also be used to tailor the tack strength of pressuresensitive adhesives. 23 Although our focus here is on switchable stratification, our insights into the effects of particle size and concentration on the stratification of binary particle blends can be exploited to achieve homogeneous protective and barrier coatings.
Materials and Methods
Particle synthesis and characterization. The large Rhodamine B (RhB)-labeled latex particles (solids content of 20.6 wt%) were produced by emulsion copolymerization of methyl methacrylate and n-butyl acrylate (40 : 60 g/g) using sodium persulfate (0.5 wt% relative to monomers) as initiator and a combination of non-ionic and anionic surfactants (99 : 1 g/g), Synperonic NP30 and sodium dodecyl sulfate, respectively. The polymerization was conducted in a batch process at 70 °C under a nitrogen atmosphere in a 300 mL glass reactor fitted with a condenser and a nitrogen gas inlet. Degassing of an aqueous solution of initiator was first carried out for 30 min. In the meantime, RhB (0.2 wt% based on monomers) was dissolved in a water solution containing the surfactants (3 g L -1 ). This solution was degassed, mixed with the monomers, and introduced in the reactor with vigorous stirring before increasing the temperature to start the polymerization. At the end of the reaction, the latex suspension was centrifuged, and fluorescence spectroscopy performed on the supernatant solution showed an extremely weak signal indicating that almost no RhB was present in the aqueous phase. 38 The hydrodynamic particle diameter was measured on dilute dispersions by DLS using a Malvern Zetasizer Nano ZS with a 633 nm wavelength laser and a scattering angle of 173°. These particles had a z-average diameter, D L = 385 nm with a dispersity of 0.013 (PDI value). The copolymer's midpoint glass transition temperature was 11 °C, according to differential scanning calorimetry (Q1000, TA Instruments, New Castle, DE, USA) at 10 °C/min. Film formation could occur at a typical room temperature.
The small fluorescent particles were composed of amphiphilic block copolymers obtained by polymerizationinduced self-assembly (PISA). 34, 35 Controlled radical polymerization (namely, reversible additionfragmentation chain transfer (RAFT) polymerization) of methacrylic acid (MAA) in water was performed to obtain, firstly, a PMAA macroRAFT agent (about 4000 g mol -1 ), 39 After the synthesis, the stable polymer dispersion was degassed under argon to remove traces of n-butyl acrylate. It was also dialyzed against water over 69 h, thus allowing the removal of ethanol in the final dispersion. The final solids content was 20.9 wt%. DLS found D S = 54 nm with a PDI value of 0.065 at an initial pH of 4. At this pH, which is below PMAA's pK a value of 5.5, the PMAA chains at the particle surface are only weakly ionized and likely adopt a hypercoiled conformation. 40 The copolymer's midpoint glass transition temperature was 16 °C, according to differential scanning calorimetry at 10 °C/min.
Blend preparation and drying. After blending the two dispersions to achieve the desired number ratio, deionized water was added to adjust the final solids content to the range from 9 to 13 wt%. By adding small amounts of ammonia (35 %) or 1M HCl solution the pH of the blend was adjusted to pH values between 3 and 9.5. The pH of the colloidal mixture was estimated using pH indicator paper, because of the small sample volume. Films of these blends were cast on glass substrates (18 × 18 mm 2 ), previously cleaned with acetone and a UV ozone treatment (Bioforce Nanosciences, model UV.TC.EU.003). Film formation took place under ambient conditions (typically a temperature of 20 °C and a relative humidity of 40%). Average drying times were 1-2 h.
Structure characterization. Height and phase images of the top surface of the films were acquired by atomic force microscopy (AFM), using an NT-MDT Ntegra Prima microscope with intermittent contact. Images were analyzed using NOVA software. A Zeiss LSM510 confocal microscope (on an Axiovert 200M microscope) was used to obtain stacks of plane images at varying depths within the sample. The green and red fluorochromes were excited using an argon laser (488 nm) and a HeNe laser (543 nm), respectively. Two-dimensional images (83 × 83 µm 2 ) were acquired in 0.5 µm increments when moving from the substrate at the bottom toward the top of the dry film. A second acquisition was made close to the top surface to characterize the upper layer with greater precision, acquiring images with increments in spacing of 0.1 µm. Results were analysed using the image processing package Fiji (a version of Image J). A second-order polynomial equation was fit to the detected intensity as a function of depth from the surface and then used to define a baseline, to correct for the depth-dependence of the detected intensity. The corrected intensity was normalized by dividing by the maximum intensity in the profile. An example can be seen in the Supporting Information.
Dispersion viscosity measurements.
The viscosities of the large and small particle dispersions containing 20 wt% solids were determined over the pH range from 2.5 to 9.5. Small amounts of concentrated aqueous ammonia (35 %) or 1M HCl solutions were used to adjust the original pH, in order to minimize changes to the particle concentration. Viscosity measurements were made on ∼0.8 mL of each dispersion at ambient temperature (24 ± 2 °C) using a low-shear rheometer (Contraves A.G., Zürich, Switzerland) with concentric cylinder measuring geometry over a range of shear rates.
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